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There  have been numerous investigations of the effects of radiant energy 
on  the  gastrointestinal  tract  of man  and  of experimental  animals,  and  the 
bizarre  degenerative  and  regenerative  phenomena  which  follow  irradiation 
have attracted the attention of many workers.  Since a review of the literature 
on irradiation  changes in  the  bowel has  been  published  elsewhere  (1),  that 
material will not be  repeated here.  It is well known that ulcers can easily 
be produced by exposing  the  intestinal  tract  to  irradiation.  In a  previous 
study (2) of the evolution 9f such ulcers the profound atrophy of the surviving 
epithelial structures which was noted suggested that the altered mucosa had 
a  reduced capacity for regeneration.  The development of numerous mucous 
cells in the intestinal mucosa which has also been repeatedly observed to follow 
irradiation  has  been  ascribed  to  degeneration  of  the  lining  epithelium,  but 
little has been known of the mechanism by which the mucous elements appear 
in  such  abundance.  In view  of  the  theory,  advanced by Popoff (3),  that 
mucous and  argentaffin  elements  are  important  in  "rejuvenescence" and in 
the regeneration  of gastrointestinal  epithelial  ceils,  it  seemed worthwhile  to 
examine the phenomenon of postirradiation mucous change and its relation to 
atrophy and regeneration of the intestinal epithelium. 
Methods 
Rats were irradiated in groups of 6; I or 2 litter mates, which were not treated, were used 
as controls.  During  the 96 hours after irradiation the animals were killed at regular intervals, 
by a blow on the head or inhalation of ether.  Some  were killed after the administration of 
papaverine and magnesium sulfate to counteract smooth muscle spasm.  The experiment 
was repeated five times, and the results for each series of animals were similar.  In order to 
eliminate diurnal factors some animals were irradiated in the morning and  others in the 
evening. 
*This work, begun during the tenure of a Littauer Fellowship in Pathology (1939--41) at 
Harvard Medical School and completed at Stanford University School of Medicine in 1942~ 
was aided in part by the Rockefeller Fluid Research Fund. 
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Male albino rats of the Salonika strain were used in the first experiment, which was carried 
out in Dr.  Shields Warren's laboratory.  For the other  4  experiments male albino rats 6 
to  12 months of age were obtained from the Stanford colony of Dr. Thomas Addis.  The 
animals were confined in cylinders of rolled x-ray film and placed in the roentgen beam.  Lead 
shields protected all but a  5 cm. band across the middle of the abdomen. 
In the first experiment the roentgen rays were generated at 140 kilovolts and 8 milliamperes, 
were filtered through 0.25 ram. copper, 2 ram. aluminum, and 3  ram. celluloid, the target- 
skin distance was 32.5 cm., and the total dose was 1000 r, given in about 30 minutes.  The 
portal was 20 cm. square.  In the 4 later experiments the rayswere generated at 186 kilovolts 
and 20 milliamperes.  There were inherent filtration which gave a half value layer of 0.3 mm. 
of copper, a  target-skin distance of 42  to 70 cm., a  total  dose of 1000 r  given in 8  to 20 
minutes, and portals 15 to 20 cm. square. 1 
Segments of intestine were taken from the long descending loop of the duodenum which 
lies fixed against the dorsal body wall.  The tissue was fixed in Bayley's (4), Bouin's, and 
Camoy's fluids without disturbing the mucosa or  the contents of  the loop.  Blocks were 
dehydrated through alcohols, cleared in oil of cedarwood, and embedded in parat~.  Sections 
5  microns  thick were  stained with  hematoxylin  and  phloxin,  hematoxylin-mucicarmine- 
metanil yellow, phosphotungstic acid hematoxylin, and by Popoff's first method (3).  Blocks 
fixed in Bouin's fluid were impregnated according to the Masson block method for argen- 
taffm cells and counterstained by one of the  Masson trichome  procedures (5).  The best 
results for general study were obtained with fixation in Bayley's fluid; the mucous cells were 
most satisfactorily stained by Southgate's muciearmine (6). 
RESULTS 
Control Observations.--Appreciation of certain features of the normal histo- 
logic appearance of the glands and villi of the rat's duodenum is vital to an 
understanding of the results to be presented here.  In the sections of intestine 
from the control animals mitotic figures were abundant in the crypts (Fig. 1), 
especially in the zone just above the most basally placed elements.  In normal 
animals fully developed goblet cells laden with mucus were not usually encoun- 
tered in  the crypts or below the midportion of the glands.  When mucous 
elements were present in the basal portions of the glands stainable mucus was 
present only as a  small mass in the cell (Fig. 4).  The nearer the epithelial 
elements lay to the apex of the villus, where fully distended goblet cells were 
located, the larger was the mass of mucus.  It has been suggested (7-13)  that 
goblet cells differentiate into mucus-containing elements from newly formed 
undifferentiated cells in the germinating zone and that they do not mature 
into fully formed goblet cells until they have migrated well up toward the apex 
of the villus. 
Early  Irradiation  Reaction.--In  sections from  animals killed  within  half 
an hour after the completion of irradiation nuclear swelling and reduction in 
the  numbers  of  mitotic figures were  already evident.  Twelve  hours  after 
irradiation no mitoses could be seen and the nuclei had become swollen and 
*Dr.  Ivan Miller  and  Dr.  Ford  Shepherd,  of  the  Department  of  Radiology,  Stanford 
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vacuolated  sacs  with  "owl's  eye"  nucleoli  (Fig.  2).  Granular  masses  of 
chromatin debris  from destroyed nuclei were abundant.  The changes  were 
confined to the crypts; the ceils covering  the villi were not affected at this 
stage. 
Mucous Maap~as~.--The stage of mucinous change was reached about 24 
hours after irradiation, when the crypts, which were normally devoid of fully 
loaded goblet ceUs, were seen to contain numerous elements laden with mucous 
secretion  (Figs. 3 and 5). 
Migration Pkase.--Between  48 and 72 hours after irradiation the epithelial 
lining cells covering the villi, which hitherto had been spared,  became either 
abnormally flattened  (Fig.  6)  or  vacuolated.  The  clusters  of  goblet  cells 
disappeared from the crypts, and the remaining epithelium became flattened. 
At the same time groups of distended mucous elements appeared in stratified 
zones distal to the crypts, usually at the same level in all the villi (Fig.  7). 
Still later the groups  of mucous cells were found at the extreme tips of the 
villi.  Apparently the aggregations  of goblet cells had moved peripherally as 
mitosis and migration were resumed. 
Recovery.--In some  animals such  complete  recovery had  taken place  84 
to 96 hours after irradiation that the intestine appeared almost normal.  Reap- 
pearmace of the normal pattern of desquamation (Fig.  8)was occasionally 
encountered even earlier.  In other animals restoration was less rapid, and 
abnormalities such as vacuolation of the surface epithelium of the villi were 
occasionally  still present 96 hours after irradiation (Fig. 9).  Sometimes  the 
crypts were so crowded with cells containing hyperchromatic nuclei that the 
glands appeared hyperplastic.  The crowding and oblique  orientation of the 
cells (Fig.  10)  associated  with rapid migration (11) were exaggerated beyond 
normal limits.  Masson's impregnation method showed considerable  increase 
in  the number  of argentaffm cells in  the restituted intestine, and Popoff'  s 
procedure  disclosed an even greater number. 
CO~rM'ENT 
The greater vulnerability to irradiation of the epithelium of the intestinal 
crypts in comparison with that of the surface layer has attracted considerable 
attention and has been explained on the ground that young and dividing cells 
are especially susceptible  to the effects of radiation (1).  Although the results 
of the present experiments are in accord with this view, they do not support 
the conventional interpretation of the mucous change as a form of degeneration. 
Accumulation of goblet cells in the crypts after irradiation appeared to be 
due to a  transitory arrest in the migration of newly formed elements away 
from the germinating zone.  The cessation  of migration was associated  with 
inhibition of mitosis.  Although mitotic division and migration were inhibited, 
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elements.  The maturation of mucous cells  in  situ  as a  consequence of the 
cessation of migration resulted in  the  appearance  of well developed goblet 
cells in  the crypts.  As migration out along the villi was reestablished the 
goblet ceils appeared in zonal bands at various levels. 
If, as seems probable, the goblet cells formed from the cells in which mitotic 
division was inhibited, the irradiation interfered with cellular division without 
affecting differentiation and maturation.  However, the possibility must be 
borne in mind that the goblet ceils developed from undifferentiated elements 
which were not in mitosis and were unaffected by the irradiation. 
The pattern of desquamation described is a  normal phenomenon which is 
often encountered in sections of intestine from the usual laboratory animals 
and from man.  Although the significance of the shedding streamers of epi- 
thelium at the tips of villi has been appreciated by some histologists (11,  14), 
others have considered them artefactual or pathologic (15,  16). 
Masses of desquamated cells can be seen in autopsy material if the lining 
of the gut is not mechanically disturbed, especially if the layer of mucus on 
the  surface  is  not removed.  Physiologists have  recognized  the  functional 
importance of desquamation because many of the enzymes present in intestinal 
juice  are  ordinarily released  from  shed  and  disintegrating  cells  (17).  The 
detachment of the epithelium from the stroma at the summit of the villus has 
been attributed to agonal contraction of smooth muscle (11).  This explana- 
tion may be correct, but in  the present experiments the space was present 
even in animals killed while under the influence of drugs which paralyze smooth 
muscle. 
It appears possible that some disease processes are  related to aberrations 
of  the  mechanisms of  cellular  replacement  in  the  intestine.  The  atrophic 
intestinal alterations which have been described in pellagra (18,  19) and other 
deficiency  diseases  may  conceivably  be  explained  on  some  such  basis. 
Wintrobe and  coworkers  (20)  have  demonstrated loss  of-mucous cells and 
atrophy of the colonic mucosa in swine fed diets deficient in pantothenic acid. 
Perhaps  this vitamin is necessary for normal maturation and migration of 
intestinal ceils.  It has even been suggested that some of the effects attributed 
to irradiation are in themselves related to disturbance in the metabolism of 
vitamins of the B  complex group (21). 
The influence on the intestinal tract of such factors as nutritional deficiency 
and age should be investigated from the standpoint of the llfe cycle of the 
intestinal epitheliM cells.  Since the pattern of response to irradiation of the 
normal intestinal mucosa has been  depicted in  this paper,  the  reaction  to 
irradiation might serve as a  useful adjunct in such studies.  Experiments in 
this direction were brought to a  close by the war and cannot be reported at 
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s~Y 
Although irradiation  of the duodenum of rats inhibits mitosis in the crypts 
and halts  the normal  passage  of cells up  the villi,  the maturation  of goblet 
cells is not affected.  The ripening  of mucous elements while arrested in the 
crypts,  where  they  form,  instead  of  during  their  migration  along  the  villi, 
results in the so called mucous change,  which has hitherto  been considered a 
form of degeneration.  During  the phase of recovery, the reestablishment  of 
normal migration and desquamation is marked by the appearance of strata of 
fully formed goblet cells at successive levels out along the villi.  It is suggested 
that  some gastrointestinal  disturbances  known  to  occur in  spontaneous  and 
experimental vitamin deficiency might be explained in terms of aberrations in 
the cellular replacement of the intestinal  mucosa. 
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EXPLANATION  OF PLATES 
P~T~. 31 
FIG.  1.  Normal  intestinal  crypts,  showing  mitotic  figures  but  no  goblet  cells. 
Hematoxylin and phloxin.  ×  280. 
FIG. 2.  Intestinal crypts 12 hours after irradiation, showing vacuolated nuclei and 
absence of mitotic figures.  Hematoxylin and phloxin.  X  280. 
FIG. 3.  Intestinal crypts 24 hours after irradiation,  showing numerous goblet cells 
(mucous change).  Hematoxylin and phloxin.  X  280. 
FIG. 4.  Normal intestinal  crypts, showing increasing cellular content of mucus at 
successive levels.  Mucicarmine.  ×  280. 
FIG. 5.  Intestinal crypts 24 hours after irradiation, showing distended goblet cells. 
Mucicarmine.  ×  360. THE JOURNAL OF EXPERIMENTAL NIEDICINE VOL. 81  PLATE 31 
(Friedman: Cellular dynamics in intestinal mucosa) PLATE 32 
FIG. 6.  Intestinal villi 72 hours after irradiation, showing flattened lining epithelium. 
Hematoxylin and phloxin.  X  280. 
FIG.  7.  Intestinal  mucosa  60  hours  after  irradiation,  showing  stratum  of goblet 
cells in middle zone.  Mucicarmine.  X  100. 
FIG. 8.  Intestinal villi 84 hours after irradiation, showing desquamation of epithelial 
streamers at tips.  Hematoxylin and phloxin,  ×  100. 
FIG. 9.  Intestinal mucosa 96 hours after irradiation, showing vacuolation of epithe- 
lium  on  the  villi  and  hyperplasia  of  epithelium  in  the  crypts.  Hematoxylin and 
phloxin.  X  I00. 
FIG. 10.  Intestinal crypts 96 hours after irradiation, showing hyperplasia of epithe- 
lium.  Hematoxylin and phloxin.  ×  200. 'THE JOURNAL OF EXPERIMENTAL MEDICINE VOL. 81  PLATE 32 
(Friedman : Cellular dynamics in intestinal mucosa) 